Introduction {#sec1}
============

Research on metal nanoparticles has been popular for more than two decades due to their unique properties such as catalytic, electronic, and optical properties^[@ref1]−[@ref4]^ that were led to applications ranging from catalysis^[@ref5]−[@ref9]^ to electronic devices.^[@ref10]−[@ref12]^ The biggest obstacle of using metal nanoparticles for such applications has been their tendency to aggregate over time, which led to a deterioration in their overall activity. The stability of metal nanoparticles against aggregation and oxidation could be adequately enhanced by using various organic ligands. Different organic compounds containing reactive head groups such as disulfide,^[@ref13]−[@ref15]^ ammonium,^[@ref16]−[@ref18]^ thiosulfate,^[@ref19]−[@ref21]^ and amine^[@ref22]−[@ref24]^ have been used as protecting ligands. It was found that the type of ligands and applied synthetic conditions could systematically alter the chemical and physical properties of metal nanoparticles in addition to their size and ligand--metal ratio.

The synthesis of alkanethiolate-protected Au nanoparticles (AuNP) was popularized after the development of the two-phase Brust--Schiffrin method in 1994.^[@ref25]^ The AuNP produced by this method was highly stable and could be easily isolated.^[@ref26],[@ref27]^ In addition to their potential applications described above, this thiolate-stabilized AuNP has received growing interests from biomedical communities in targeting cancer and drug delivery.^[@ref28]^ In a typical two-phase Brust--Schiffrin reaction, the metal source and the phase transfer agent, tetra-*n*-octylammonium bromide (TOAB), were mixed until the metal ions were transferred to organic phase. To the organic layer, thiol ligand was added to reduce Au(III) to Au(I), and the subsequent addition of reducing agent, NaBH~4~, reduced Au(I)-SR to form AuNP stabilized by thiolate. The synthesis of monodisperse nanoparticles using the same method could be further extended to different metals such as Ag,^[@ref29],[@ref30]^ Pd,^[@ref4],[@ref31]^ and Pt.^[@ref32]^

The drawback of thiolate-stabilized nanoparticles synthesized using the Brust--Schiffrin method was that the thiol ligand binds strongly to the metal site and forms densely packed monolayer, which in turn inhibits the catalytic property.^[@ref3],[@ref12]^ Thiolate-capped metal nanoparticles with lower ligand density were recently starting to gain more interests due to their potential as chemo-, regio-, and stero-selective catalysts.^[@ref21],[@ref33]^ The previous studies from our group have shown that nanoparticles synthesized from S-alkylthiosulfate ligand show better catalytic activity compared to those generated from alkanethiol ligand.^[@ref34]−[@ref38]^ Alkanethiolate-protected Pd nanoparticles (PdNP) generated from S-alkylthiosulfate selectively catalyzed the isomerization of allylic alcohols and alkenes over the hydrogenation process.^[@ref21],[@ref34]^ In addition to PdNP, magnetic iridium nanoparticles (IrNP) have recently been synthesized using S-alkylthiosulfate, and the mechanism for the formation of nanoparticles was investigated with a focus on the difference between the activities of S-alkylthiosulfate and alkanethiol ligands.^[@ref39]^

With the success in both PdNP catalysis and IrNP synthesis, the target of this research was to synthesize alkanethiolate ligand-stabilized Pt nanoparticles (PtNP), which can further expand the scope for selective catalysts for various organic reactions. Platinum nanoparticles have been widely studied for their applications in heterogeneous catalysis,^[@ref23],[@ref24]^ electrocatalysis,^[@ref40],[@ref41]^ fuel cells,^[@ref40]^ and hydrogen storage materials.^[@ref4]^ PtNP has been synthesized using thiol ligand precursors by various research groups with low thiol/Pt reaction condition, but with a relatively low yield.^[@ref32],[@ref42],[@ref43]^ Cliffel group has also synthesized different functionalized PtNP that are soluble in organic or aqueous media, but their catalytic activity was fairly low.^[@ref44]^ The current research tries to expand the versatility of the thiosulfate protocol to PtNP synthesis, discover the catalytic utility of PtNP, and further enhance the understanding on the mechanism of nanoparticle core growth and surface ligand capping process of PtNP. The formation of PtNP from both S-alkylthiosulfate and alkanethiol ligands was systematically studied, and the catalytic activities of this PtNP were investigated as a potential catalyst for hydrogenation of alkynes. In particular, understanding the influence of alkanethiolate ligands on the geometric and electronic surface properties of unsupported PtNP was a focal point of the present catalysis studies.

Experimental Section {#sec2}
====================

Chemicals {#sec2.1}
---------

All reagents were used as received from the following suppliers. 1-Bromooctane (C~8~H~17~Br), 1-bromododecane (C~12~H~24~Br), sodium thiosulfate pentahydrate (Na~2~O~3~S~2~·5H~2~O), and hydrogen hexachloroplatinate (IV) hydrate (H~2~PtCl~6~) were obtained from Sigma-Aldrich. Tetra-*n*-octylammonium bromide (TOAB), 1-octanethiol, sodium borohydride (NaBH~4~), potassium tetrachloroplatinate(II) (K~2~PtCl~4~), phenylacetylene, diphenylacetylene, *tert*-butyl propiolate, 3,3-dimethyl-1-butyne, methyl propiolate, 3-butyn-2-one, 2-methyl-3-butyn-2-ol, 1-pentyne, and dimethyl acetylenedicarboxylate (DMAD) were obtained from Acros. Ethanol, methanol, acetone, dichloromethane (DCM), and toluene (tol) were obtained from Fisher Scientific. Deuterium oxide (D~2~O), chloroform-*d* (CDCl~3~), dichloromethane-*d*~2~ (CD~2~Cl~2~), methanol-*d*~4~ (CD~3~OD), and toluene-*d*~8~ were purchased from Cambridge Isotope Laboratories, Inc.

Synthesis of Sodium S-Octylthiosulfate {#sec2.2}
--------------------------------------

The synthesis followed the previously published procedure from our group.^[@ref38]^ 1-Bromooctane (25 mmol) was dissolved in 50 mL of ethanol, and Na~2~S~2~O~3~·5H~2~O (25 mmol) was dissolved in 50 mL of water. Two solutions were mixed in 250 mL round-bottom flask, which was then connected to the reflux condenser. After the solution mixture was refluxed for 3 h, the reaction flask was cooled to room temperature, and the resulting solvents were removed by using rotary evaporator. The white solid product was isolated, dissolved in hot ethanol, and recrystallized to form crystalline solid. ^1^H NMR (400 MHz, D~2~O): triplet (δ 3.1 ppm, α-CH~2~--S), quintet (δ 1.7 ppm, β-CH~2~CH~2~--S), broad peak (δ 1.3 ppm, −CH~2~−), and another triplet (δ 0.9 ppm, CH~3~−). More characterization results are available in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b02765/suppl_file/am7b02765_si_001.pdf) and the previous publication.^[@ref38]^

Synthesis of Sodium S-Dodecylthiosulfate {#sec2.3}
----------------------------------------

The synthetic method was the same as the synthesis of sodium *S*-octylthiosulfate, except that 1-bromodocdecane was used as the substrate. ^1^H NMR (400 MHz, CD~3~OD): triplet (δ 3.1 ppm, α-CH~2~--S), quintet (δ 1.8 ppm, β-CH~2~CH~2~--S), broad peak (δ 1.3 ppm, −CH~2~−), and another triplet (δ 0.9 ppm, CH~3~−). More characterization results are available in the previous publication.^[@ref35]^

Synthesis of Pt Nanoparticles Using Sodium S-Octylthiosulfate {#sec2.4}
-------------------------------------------------------------

Hydrogen hexachloroplatinate(IV) hydrate (H~2~PtCl~6~; 0.4 mmol) was dissolved in 12 mL of nanopure water, and TOAB (2.0 mmol) was dissolved in 25 mL of toluene. Two solutions were mixed and stirred for ∼15 min. After the phase transfer, the aqueous layer was separated and discarded by using the separatory funnel. The synthesized sodium *S*-octylthiosulfate ligand (0.8 mmol) was dissolved in 10 mL of 25% methanol. The ligand and TOAB (2.0 mmol) were added to the separated organic layer, and the reaction mixture was stirred for 15 min. NaBH~4~ (8.0 mmol) was dissolved in 7 mL of nanopure water before it was added to the vigorously stirring reaction flask within 10 s. The reaction mixture first turned dark orange and then black, which indicated the formation of Pt nanoparticles. The reaction was stirred for additional 3 h, and then the aqueous layer was removed by separatory funnel. The solvents from the organic layer were removed by rotary evaporator. The crude Pt nanoparticles were washed with methanol and ethanol for several times before they were dried under vacuum.

Synthesis of Pt Nanoparticles Using 1-Octanethiol {#sec2.5}
-------------------------------------------------

The synthetic method was the same as the synthesis of Pt nanoparticles using sodium *S*-octylthiosulfate, except that 1-octanethiol (0.2 mmol) was used instead of sodium *S*-octylthiosulfate ligand. 1-Octanethiol ligand is readily soluble in toluene; therefore, the ligand was directly added to the reaction mixture instead of dissolving it in 25% methanol.

Synthesis of Pt Nanoparticles Using Deuterated Solvents {#sec2.6}
-------------------------------------------------------

H~2~PtCl~6~ (0.02 mmol) was dissolved in 0.6 mL of D~2~O, and TOAB (0.1 mmol) was dissolved in 1.25 mL of tolune-*d*~8~. Two solutions were vigorously stirred for ∼15 min to complete the phase transfer of PtCl~6~^2--^. The ^1^H NMR spectra of both organic layer (toluene-*d*~8~) and aqueous layer (D~2~O) were obtained after the two layers were separated. The thiosulfate ligand (0.04 mmol) dissolved in 0.4 mL of 25% methanol-*d*~4~, and TOAB (0.1 mmol) was added to the organic layer, which was stirred for additional 15 min. The ^1^H NMR spectra of organic layer (toluene-*d*~8~) and aqueous layer (D~2~O) were again obtained. NaBH~4~ (0.4 mmol) was dissolved in 0.35 mL of D~2~O, and the solution was added rapidly to the stirred reaction mixture. The reaction was continuously stirred for 3 h, and the ^1^H NMR spectra of organic layer (toluene-*d*~8~) and aqueous layer (D~2~O) were obtained. The solvents from the organic layer were removed, and the crude PtNP was washed with methanol and ethanol several times.

Characterization of Nanoparticles {#sec2.7}
---------------------------------

^1^H NMR spectra were obtained by using Bruker Fourier 400 MHz, and UV--vis spectra were obtained by using the Shimadzu UV-2450 UV-spectrometer. Infrared spectra were obtained by using Bruker Alpha FTIR spectrometer. The NMR samples were prepared as follows: the sodium *S*-octylthiosulfate ligand was prepared in D~2~O, sodium *S*-dodecylthiosulfate ligand was prepared in CD~3~OD, and the Pt nanoparticles were prepared in CDCl~3~. For the UV--vis measurement of Pt nanoparticles, dichloromethane (CH~2~Cl~2~) solvent was used. Thermogravimetric analysis (TGA) was obtained using TA Instruments SDT Q600. Transmission electron microscopy (TEM) images were obtained using JEOL 1200 EX II electron microscope.

Catalysis Experiments {#sec2.8}
---------------------

The catalysis experiments were performed by dissolving 5 mol % of the PtNP, and 0.25 mmol of substrate in 2 mL of CDCl~3~. The solution mixture was purged with hydrogen gas for ∼10 min. The reaction mixture was stoppered, para-filmed, and stirred for 24 h. The resulting products were analyzed by ^1^H NMR.

Results and Discussion {#sec3}
======================

Synthesis of Pt Nanoparticles {#sec3.1}
-----------------------------

PtNP was synthesized from dihydrogen hexachloroplatinate(IV) (H~2~PtCl~6~·6H~2~O) by the two-phase thiosulfate method using S-alkylthiosulfate ligand precursor (Bunte salts) as shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. Synthetic conditions such as the mole equivalents and chain length of thiosulfate ligand and the solvent media of the reaction were systematically varied to observe the influence on the yield, core size, and surface composition of PtNP.^[@ref35]^ The reaction condition and nanoparticle yields are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The resulting black powder of PtNP was easily soluble in organic solvents such as chloroform and tetrahydrofuran (THF). This indicated that the synthesized PtNP is stable and prevented from aggregation. The mole ratio of thiosulfate ligand to metal salts was varied from 2:1 to 4:1 for the nanoparticle synthesis. As the mole equivalents of *S*-octylthiosulfate ligand was increased from 2 to 4, the yield of the octanethiolate-capped PtNP (Pt-SC~8~) almost doubled (entries 1 and 2). Further increase in particle yield was, however, not observed when the additional amount of *S*-octylthiosulfate was used. Pt-SC~8~ was also synthesized in dichloromethane (CH~2~Cl~2~) instead of toluene (entries 3 and 4). Employing CH~2~Cl~2~ solvent resulted in higher Pt-SC~8~ yield (≥32 mg) compared to that in toluene solvent (≤21 mg). The overall Pt % recovery could be increased from 10% to 29% by changing the reaction condition as mentioned above. The results indicated that the surface passivation activity of alkylthiosulfate might be higher in CH~2~Cl~2~ than in toluene.

![Reaction Mechanism of PtNP Using Thiosulfate Ligand](am-2017-02765h_0008){#sch1}

###### Synthesis of PtNP on Various Conditions and Their Core Size and Composition

  entry   PtNP                                       equiv ligand per Pt   sol   yield (mg)   Pt % recovery   TEM (diameter, nm)   TGA (wt %Pt)   No. of Pt atoms/No. of ligands[a](#t1fn1){ref-type="table-fn"}   surface ligand density No. of ligands/surface Pt[a](#t1fn1){ref-type="table-fn"}
  ------- ------------------------------------------ --------------------- ----- ------------ --------------- -------------------- -------------- ---------------------------------------------------------------- ----------------------------------------------------------------------------------
  1       Pt-SC~8~[b](#t1fn2){ref-type="table-fn"}   2                     tol   11           10              1.58 ± 0.64          78             ∼Pt~140~(SC~8~)~53~                                              ∼0.55
  2       Pt-SC~8~                                   4                     tol   21           19              1.24 ± 0.36          73             ∼Pt~79~(SC~8~)~39~                                               ∼0.65
  3       Pt-SC~8~                                   2                     DCM   33           29              1.51 ± 0.62          70             ∼Pt~116~(SC~8~)~67~                                              ∼0.86
  4       Pt-SC~8~                                   4                     DCM   32           29              1.48 ± 0.52          71             ∼Pt~116~(SC~8~)~64~                                              ∼0.82
  5       Pt-SC~12~                                  2                     tol   30           20              1.45 ± 0.42          68             ∼Pt~116~(SC~12~)~53~                                             ∼0.68
  6       Pt-SC~12~                                  4                     tol   34           18              1.40 ± 0.39          66             ∼Pt~116~(SC~12~)~58~                                             ∼0.74

These calculated values involve some errors, because the calculation is based on the assumed average molecular weight of somewhat polydisperse nanoparticles. Therefore, the obtained values must be viewed as rough estimates and just as guidelines for the comparison of various PtNPs.

Stable Pt-SC~8~ was not formed when 2 equiv of 1-octanethiol was used instead of the same amount of *S*-octylthiosulfate.

When the chain length of the ligand was increased from *S*-octylthiosulfate to *S*-dodecylthiosulfate, the yield of PtNP also increased. This result suggested that the longer chain length of surface ligand might provide an enhanced protection of PtNP surface and a better colloidal stability. For dodecanethiolate-capped PtNP (Pt-SC~12~), however, the mole equivalents of the ligand had no significant effect on the resulting yield of PtNP.

Thiolate-capped Pt nanoparticles were also synthesized by using 1-octanethiol as the ligand precursor. These nanoparticles are abbreviated as Pt~SH~-SC~8~ to be distinguished from the Pt-SC~8~ generated from *S*-octylthiosulfate. When the mole ratio of ligand to metal was fixed at 2:1 for 1-octanethiol ligand, stable Pt~SH~-SC~8~ was not formed. Chen and Kimura also reported no Pt nanoparticle formation when the thiol ligand to metal ratio was greater than 1.14.^[@ref42]^ There have been reports describing the reason for unsuccessful results to be the formation of metal thiolate complexes through decomposition of nanoparticles by excess thiols.^[@ref43],[@ref45]^ When the reduced mole ratio (1:2 ratio of ligand to metal) was used to lessen the decomposition problem, the Brust--Schiffrin reaction still only produced a small amount (∼2 mg) of Pt~SH~-SC~8~ suggesting the method's inefficiency for the PtNP synthesis. Because of the presence of Pt(II) complexes in the product (vide infra) even after the use of reduced mole ratio, the extensive washing of the isolated PtNP was insufficient in obtaining pure Pt~SH~-SC~8~.

Effect on the oxidation state of platinum sources for the synthesis of PtNP was studied by comparing another platinum complex: potassium tetrachloroplatinate(II) (K~2~PtCl~4~). Ulman et al. have studied the formation of alkanethiol-capped Pt nanoparticles using both H~2~PtCl~6~·6H~2~O and K~2~PtCl~4~ as the platinum source.^[@ref41]^ They found that PtNP was formed by using the one-phase synthesis with the addition of strong reducing agent (lithium triethylborohydride) in THF to the solution containing chloroplatinic acid. However, PtNP was only formed with a relatively low yield after heating the reaction mixture to ∼35 °C for the synthesis using K~2~PtCl~4~.^[@ref41]^ Our attempt to use K~2~PtCl~4~ for the thiosulfate method also resulted in only 1--2 mg of stable PtNP. The yield was much lower than that (11--21 mg) obtained from the reaction using chloroplatinic acid as the Pt source as shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. These results were consistent with the findings of Ulman group indicating that the nanoparticle formation by the liquid-phase reduction of platinum complex occurs more favorably with the use of H~2~PtCl~6~·6H~2~O, the platinum source with higher oxidation state.

Characterization of Pt Nanoparticles {#sec3.2}
------------------------------------

The ^1^H NMR spectrum of the Pt-SC~8~ in CDCl~3~ is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The two broad signals are seen at ∼0.90 and ∼1.33 ppm for methyl (−CH~3~) and methylene (−CH~2~) groups, respectively. The small broad peak at 1.64 ppm is due to the presence of β-CH~2~ from S, which only appears for small cluster-like alkanethiolate-capped metal nanoparticles.^[@ref39],[@ref46]^ The absence of the peaks for α-CH~2~S groups confirms that the ligand is chemisorbed on the metal surface forming an alkanethiolate monolayer. The ^1^H NMR spectrum of Pt~SH~-SC~8~ generated from 1-octanethiol was similar to that of *S*-octylthiosulfate-derived PtNP showing the two broad peaks for −CH~2~-- and −CH~3~-- groups at 0.90 and 1.3 ppm ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b02765/suppl_file/am7b02765_si_001.pdf)). The IR spectra for the ligand precursor and the PtNP are shown in [Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b02765/suppl_file/am7b02765_si_001.pdf), respectively. The absence of strong S=O stretching bands at ∼1210 and ∼1040 cm^--1^ in the IR spectrum of Pt-SC~8~ generated from *S*-octylthiosulfate indicated the absence of any unbound thiosulfate ligands and the elimination of sulfite moiety (most likely as SO~3~) from thiosulfate groups. The UV--vis spectra were also obtained for the Pt-SC~8~ using dichloromethane as the solvent. As shown in the [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, the UV--vis spectrum of Pt-SC~8~ synthesized from thiosulfate ligand shows no absorbance peak corresponding to nanoparticles from 3 to 20 nm in diameter and is almost identical with the spectra reported for small Pt nanoparticles stabilized with thiol ligands.^[@ref44]^ In addition, any other absorbance corresponding to oxidized platinum species was absent. This indicated that Pt(II) complexes, which are formed by the oxidized decomposition of Pt nanoparticles, were not present during and after the two-phase thiosulfate reaction.

![(a) ^1^H NMR spectrum and (b) UV--vis spectrum of Pt-SC~8~ generated from sodium *S*-octylthiosulfate.](am-2017-02765h_0001){#fig1}

TEM image and core-size histogram of Pt-SC~8~ synthesized from sodium *S*-octylthiosulfate under the standard condition ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1) are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. On the basis of the image, the nanoparticles are monodisperse, spherical, and free of any aggregate formation. TGA data of Pt-SC~8~ in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} (entry 1) showed that the organic content of the nanoparticles is ∼22 wt %. By using both the TEM and TGA results, the theoretical number of Pt atoms present in the particle and the average number of ligand on the surface of Pt can be roughly estimated.^[@ref47]^ For the Pt-SC~8~ nanoparticle ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1), the estimated ligand surface coverage was ∼0.55 ligand/surface Pt, and the average molecular formula was determined to be ∼Pt~140~(SC~8~)~53~. Since these estimated values are based on the model for Au nanoparticles with the truncated octahedron structure, they are only presented here to provide some rough insights regarding the relative changes in surface ligand densities for different PtNP.

![TEM image and size distribution histogram of Pt-SC~8~ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1) generated from sodium *S*-octylthiosulfate.](am-2017-02765h_0002){#fig2}

The analyzed core diameters, TGA data, and estimated surface ligand density are also summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} for all other PtNP. As the amount of *S*-octylthiosulfate ligand increased, the average core diameter of the Pt-SC~8~ decreased slightly from 1.58 ± 0.64 to 1.24 ± 0.36 nm ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 2). The previous studies have found that the average core size of the nanoparticle could be controlled by changing the mole ratio of ligand to metal.^[@ref43]^ The results also showed the organic content of the nanoparticle slightly increases as the result of increases in surface area to volume ratio. The estimated results indicated that the surface ligand density of Pt-SC~8~ increases slightly from ∼0.55 to ∼0.65, too. The core diameter of the synthesized Pt-SC~8~ in CH~2~Cl~2~ were mostly consistent with that of particles synthesized in toluene with small and monodisperse particle sizes ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 3). The organic weight content and estimated surface ligand density for Pt-SC~8~ generated in CH~2~Cl~2~ was a little higher than those of Pt-SC~8~ prepared in toluene ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 3 and 4), which was likely the reason for the higher yield of isolated nanoparticles in CH~2~Cl~2~. When sodium *S*-dodecylthiosulfate was used as a ligand precursor, the average core sizes of Pt-SC~12~ were also close to those of Pt-SC~8~ synthesized under the same condition using toluene as a solvent ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 5 and 6). As the mole equivalents of the ligand increased, the relative organic content and surface ligand density of Pt-SC~12~ also slightly increased.

Mechanistic Studies {#sec3.3}
-------------------

To follow the reaction species present throughout the process of synthesizing Pt nanoparticles for both *S*-octylthiosulfate and 1-octanethiol, the reactions were run using deuterated solvents and scaled down enough to be monitored by ^1^H NMR. The first ^1^H NMR spectrum ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) was obtained for the organic layer of \[TOA^+^\]~2~\[PtCl~6~^2--^\]. The spectrum showed the α-CH~2~--N signal at δ 3.52 ppm, β-CH~2~CH~2~--N signal at δ 1.39 ppm, and CH~3~-- signal at δ 1.01 ppm. In addition, the UV--vis spectrum of the organic layer of \[TOA^+^\]~2~\[PtCl~6~^2--^\] showed a strong absorption band at ∼270 nm. The second spectrum ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) was obtained after 4 equiv of thiol ligand was added to the organic layer of \[TOA^+^\]~2~\[PtCl~6~^2--^\] after the phase transfer to observe the reaction between PtCl~6~^2--^ with 1-octanethiol. In theory, 1 equiv of 1-octanethiol would be used for the reduction of Pt^4+^ to Pt^3+^, and another equivalent of 1-octanethiol would be used for the reduction of Pt^3+^ to Pt^2+^. The other 2 equiv of thiols would be used for the formation of complex with Pt^2+^ resulting in Pt(SR)~2~. The signals corresponding to 1,1-dioctyldisulfide and 1-octanethiol (or 1-octanethiolate) were observed at δ 2.54 ppm (triplet) and δ 2.20 ppm (quartet + triplet). If the reaction took place as expected, the relative intensity of the signal integrations for 1,1-dioctyldisulfide and 1-octanethiolate was postulated to be 2 to 2 with the formation of Pt(SR)~2~ complex. However, the relative intensity of the signals corresponding to these two species was not determined to be 2:2 ratios in ^1^H NMR spectrum ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The UV--vis spectrum of the reaction mixture still showed a strong absorption band at ∼270 nm. These results indicated that 1-octanethiol was not able to fully reduce Pt ions and ligated to form Pt(SR)~2~. The slight upfield shift of the α-CH~2~--N signal at δ 3.52 ppm to δ 3.42 ppm indicated the intercalation/interaction of 1-octanthiol ligand to/with \[TOA^+^\]~2~\[PtCl~6~^2--^\].

![^1^H NMR spectra of (a) organic (toluene-*d*~8~) layer of TOAB (2.0 mmol) after mixing with the aqueous (D~2~O) layer of H~2~PtCl~6~ (0.4 mmol). (b) 1-Octanethiol (1.6 mmol) added to (a). (c) NaBH~4~ (4.0 mmol) added to (b). (d) *S*-Octylthiosulfate (0.8 mmol) added to (a). (e) Pt-SC~8~ in CDCl~3~ isolated after the reduction by NaBH~4~ of the solution (d). The peak at δ 2.10 ppm corresponds to the toluene solvent peak.](am-2017-02765h_0003){#fig3}

The spectrum ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) was obtained after the reducing agent NaBH~4~ was added to the reaction mixture (b). A quartet centered at δ −0.03 ppm could be observed due to the presence of excess unreacted NaBH~4~ (data not shown). After the addition of NaBH~4~, all the octanethiolate ligands were to be converted to disulfide after the complete reduction of Pt complexes. However, the NMR data showed that Pt(II)-octanethiolate (2.20 ppm, triplet) was still present in the reaction mixture (c), suggesting an incomplete reduction by NaBH~4~ or a fast decomposition of PtNP to Pt(SR)~2~ species. Moreover, the UV--vis spectrum of the reaction mixture after NaBH~4~ addition showed a strong absorption band at ∼270 nm, confirming the presence of Pt complexes, without a signature feature for nanoparticles with an exponential decay of spectrum ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). This indicated that instead of the metal being completely reduced from Pt^2+^ to Pt^0^ by NaBH~4~ and stabilized by the adsorption of thiolate ligand, other side reactions such as the formation of other Pt complexes such as Pt(OH)~6~^2--^ or Pt(OH)~4~^2--^ or thiol-induced decomposition of PtNP would take place.^[@ref48],[@ref49]^ Similar results for metal complex formation were also observed from the attempted synthesis of alkanethiolate-capped iridium nanoparticles using the Brust--Schiffrin method.^[@ref38]^

![UV--vis spectrum of resulting nanoparticle solution after NaBH~4~ reduction in the presence of 1-octanethiol ligand.](am-2017-02765h_0004){#fig4}

The reaction pathway for the synthesis of Pt-SC~8~ using the thiosulfate protocol with sodium *S*-octylthiosulfate was compared to that with 1-octanethiol ligand. After 2 equiv of sodium *S*-octylthiosulfate ligand was added to the organic layer of \[TOA^+^\]~2~\[PtCl~6~^2--^\] (a), the α-CH~2~--S signal and β-CH~2~CH~2~--S signal from *S*-octylthiosulfate appeared at ∂ 3.31 ppm and ∂ 1.94 ppm, respectively, in the spectrum ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). The signals corresponding to disulfide or thiolate in addition to platinum thiolate complex were not observed for the reaction run using thiosulfates. The slight upfield shift of the α-CH~2~--N peak observed for 1-octanthiol also took place for the thiosulfate indicating the same intercalation/interaction of *S*-octylthiosulfate to/with \[TOA^+^\]~2~\[PtCl~6~^2--^\]. The ^1^H NMR spectrum of the D~2~O layer showed no other signals except for H~2~O. This indicated that TOA was able to transfer the thiosulfate ligand from aqueous layer to organic layer completely.

The ^1^H NMR spectrum of purified PtNP ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e) generated by the reduction of complex (d) showed three broad signals corresponding to the −CH~2~-- and −CH~3~ groups as explained in the previous section. The absence of the peaks for α-CH~2~S groups corresponding to thiol, disulfide, thiosulfate, and platinum thiolate after isolation confirmed the chemisorption of ligands as thiolate on the Pt surface forming a monolayer.

Catalytic Reactions {#sec3.4}
-------------------

Catalytic reactions of alkynes were performed in CDCl~3~ by using 5 mol % of purified PtNP ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}), and the reaction was monitored by ^1^H NMR ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). First, the kinetic study of hydrogenation of methyl propiolate was performed using Pt-SC~12~ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 5), and the ^1^H NMR spectra were obtained after 3, 6, 12, and 24 h reactions for kinetic information ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The spectrum obtained at 3 h showed that the substrate is converted to 49% semihydrogenation product and 51% full-hydrogenated product. At 6 h, the reaction was very close to completion toward full hydrogenation. The ^1^H NMR spectra obtained after 12 h reactions confirmed that the signals for starting material were not present from the spectra of the reaction mixture ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). In addition, the signals for semihydrogenation products were not observed. This suggested that the triple bond of methyl propiolate could be fully hydrogenated by Pt-SC~12~ to form methyl propanoate. The calculated initial turnover frequency (TOF) was determined to be 30.9/active site·hour.

![Catalysis Reaction of Methyl Propiolate by PtNP](am-2017-02765h_0009){#sch2}

![^1^H NMR spectra (CDCl~3~) of methyl propiolate (bottom) and the reaction solution after the hydrogenation of methyl propiolate using 5 mol % of Pt-SC~12~ (top).](am-2017-02765h_0005){#fig5}

###### Kinetic Study of Hydrogenation of Methyl Propiolate Using Pt-SC~12~

  time (h)   substrate   semihydrogenation   full hydrogenation
  ---------- ----------- ------------------- --------------------
  0          100         0                   0
  3          0           49                  51
  6          0           0                   100
  12         0           0                   100

The catalysis reactions of methyl propiolate were then tested using various Pt-SC~8~ and Pt-SC~12~ nanoparticles, and the ^1^H NMR spectra were obtained after 24 h of reaction. All three Pt-SC~8~ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 1, 2, and 4) tested for the same reaction produced the identical catalysis results. Even though an increase in the surface ligand density of the nanoparticle could hinder the reactivity of PtNP, the catalytic activity of Pt-SC~8~ (entry 4) was as efficient as other Pt-SC~8~ (entries 1 and 2) for the hydrogenation of methyl propiolate. The results showed that the effect of surface ligand density does not play a major role in the hydrogenation reaction of activated terminal alkyne. The Pt~SH~-SC~8~, however, was not very active for the hydrogenation of even activated terminal alkynes resulting in low yields (\<20% conversion). One of the main reasons was that the Pt~SH~-SC~8~ nanoparticles were not pure even after extensive washing. The UV--vis spectrum of the purified nanoparticles showed that there was an absorbance peak resulting from the Pt complexes. This caused the inefficiency of synthesized Pt~SH~-SC~8~ for catalysis reactions. Both batches of Pt-SC~12~ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 5 and 6) were also able to fully hydrogenate methyl propiolate to the corresponding methyl propanoate. This indicated that the slightly longer chain length of surface ligands does not lower the activity of PtNP.

Recycling study was performed for the hydrogenation of methyl propiolate by using Pt-SC~8~ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 2). The reaction was performed at room temperature and pressure for 24 h after purging with hydrogen gas. After the reaction was completed, the nanoparticles were washed with methanol and dried in vacuum for several days before being reused for additional catalysis cycles. The nanoparticles were still efficient in the third cycle resulting in 100% hydrogenation of methyl propiolate. TEM images of the recycled particles showed they were stable and monodisperse ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The UV--vis spectrum of the resulting nanoparticles showed no absorption band corresponding to Pt(II) species ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}).

![TEM image and size distribution histogram of recycled Pt-SC~8~ nanoparticles.](am-2017-02765h_0006){#fig6}

![UV--vis spectra of recycled Pt-SC~8~ nanoparticles.](am-2017-02765h_0007){#fig7}

Hydrogenation of various alkynes was tested by using Pt-SC~8~ (entry 2), and the results are summarized in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. The alkynes that are activated by the C=O functional group such as methyl propiolate (**1**) and 3-butyn-2-one (**2**) were fully hydrogenated to their corresponding alkanes with high selectivity. For *tert*-butyl propiolate (**3**), Pt-SC~8~ was not able to fully hydrogenate the alkyne but still produced the full hydrogenation product in high yield (∼95%) with only ∼5% of semihydrogenation product. This indicated that the *tert*-butyl group of this substrate has a slight steric influence on the reactivity of Pt-SC~8~. For both phenylacetylene (**4**) and 2-methyl-3-butyn-2-ol (**5**), Pt-SC~8~ produced the full-hydrogenation product in ∼70% yield and the semihydrogenation product in ∼30% yield. Both phenyl and hydroxyl functional groups are known to facilitate the binding of substrate to the surface of metal nanoparticles via the coordination of p orbitals.^[@ref50]^ The catalytic reactions of terminal alkynes by Pt-SC~12~ (**1**--**3**, **5**) produced similar results as Pt-SC~8~. For alkynes without any activating group such as the reactions by 3,3-dimethyl-1-butyne (**6**) and 1-pentyne (**7**), the catalytic activity of Pt-SC~8~ was quite low leaving significant amount of substrates to remain unreacted. Compared to 1-pentyne, 3,3-dimethyl-1-butyne resulted in even lower substrate consumption (\<20%). This was again due to the steric influence by the *tert*-butyl group in 3,3-dimethyl-1-butyne. For internal alkynes such as dimethyl acetylenedicarboxylate (DMAD, **8**) and diphenylacetylene (**9**), Pt-SC~8~ was not active enough to hydrogenate the alkynes to the full-hydrogenation products (only trace amount). The results confirmed the catalytic activity of terminal alkynes is much higher than that of internal alkynes with activating groups.

###### Hydrogenation of Alkynes by Pt-SC8 (entry 2)

![](am-2017-02765h_0010){#fx1}

The yields in parentheses are for Pt-SC~12~ nanoparticles.

The yields are obtained after 24 h of reaction.

The overall catalysis results clearly showed that the partial poisoning by alkanethiolate surface ligands clearly influences the geometric and electronic surface properties of colloidal PtNP. The complete full-hydrogenation products were only obtained from the catalytic reactions of terminal alkynes with a conjugated carbonyl group. Unactivated alkynes without conjugation and bulkier alkynes including internal alkynes would only result in low substrate conversions, whereas only trace amount of full hydrogenation products were obtained. There are many other metal catalysts that show an excellent selectivity for semihydrogenation of alkynes in the literature.^[@ref51]−[@ref55]^ To our knowledge, however, this study is one of the limited examples showing the unique substrate selectivity of nanoparticle-based catalysts for the hydrogenation of different alkynes. For example, Pd nanoparticles supported on nitrogen-doped carbon nanofibers has shown different activities and selectivities between activated internal and terminal alkynes as shown in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}.^[@ref55]^ In comparison, most other ligand-capped nanoparticle catalysts such as tetra(ethylene glycol)-stabilized Pd nanoparticles supported on titania showed strong activities for internal alkyne hydrogenation.^[@ref56]^ This unique selectivity of alkanethiolate-capped PtNP clearly implies the importance of developing a new synthetic protocol that allows the systematic partial poisoning of nanoparticle surfaces.

###### Comparison of Different Metal Catalysts for the Hydrogenation of Terminal and Internal Alkynes

![](am-2017-02765h_0011){#fx2}

Pd nanoparticles supported on nitrogen-doped, herringbone-type carbon nanofibers.

Tetra(ethylene glycol)-stabilized Pd nanoparticles supported on titania.

Conclusion {#sec4}
==========

Alkanethiolate-capped PtNP was successfully synthesized from both sodium *S*-octylthiosulfate and sodium *S*-dodecylthiosulfate ligand precursors. The structure of these PtNP was confirmed by ^1^H NMR, UV--vis, TGA, and TEM analyses. The systematic modification of synthetic conditions for the thiosulfate protocol resulted in increasing the yield and controlling the core size and ligand density. Comparison between alkanethiosulfate ligand precursor and alkanethiol ligand confirmed the efficiency of synthesizing PtNP using the thiosulfate protocol. The synthesized PtNP exhibited the high activity for the hydrogenation of activated terminal alkynes. Lower activity for unactivated terminal alkynes and internal alkynes suggested the potential of PtNP as a chemoselective hydrogenation reagent. This selectivity was due to the presence of thiolate poisoning ligands covering active sites of PtNP surfaces, which blocks the hydrogenation of less-reactive alkynes. We plan to explore this partially poisoned PtNP for selective hydrogenation of various alkynes and alkenes with different functional groups.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.7b02765](http://pubs.acs.org/doi/abs/10.1021/acsami.7b02765).^1^H NMR spectrum of octanethiol-capped Pt nanoparticles, IR spectra of dodecylthiosullfate ligand and platinum nanoparticles. ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b02765/suppl_file/am7b02765_si_001.pdf))
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